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The radial compression properties of single DNA molecules have been studied using vibrating scanning
polarization force microscopy. By imaging DNA molecules at different vibration amplitude set-point values,
we obtain the correlations between radially applied force and DNA compression, from which the radial
compressive elasticity can be deduced. The estimated elastic modulus is ,20–70 MPa under small external
forces s,0.4 nNd and increases to ,100–200 MPa for large loads.
DOI: 10.1103/PhysRevE.71.062901 PACS numberssd: 87.15.2v, 81.40.Jj, 82.39.Pj
The elastic properties of single DNA molecules have at-
tracted tremendous attention in the past 15 years because of
their importance to numerous biological processes f1–4g. By
overstretching and overtwisting B-DNA, structural transi-
tions from B-DNA to S-DNA and to P-DNA have been ob-
served experimentally f5–10g. Many theoretical models have
been proposed to explain the mechanical responses of DNA
under an external force f11–13g. It has been recently recog-
nized that DNA responds to protein binding through a
sequence-dependent kinking and intercalation f14,15g. While
at this stage the stretching and twisting elasticity only pro-
vide base-pairs-averaged information on a single DNA
strand, the knowledge of radial compression properties is
necessary in order to provide local information along the
DNA strands and to give new opportunities for understand-
ing more deeply the biological functions such as gene regu-
lation and DNA repair f16,17g. On the other hand, as a model
molecule DNA’s radial compression elasticity is of great in-
terest and importance to polymer physics f18g.
Radial compression is carried out by pressing on a DNA
molecule lying on a mica surface where the compression is
perpendicular to the DNA strand. The difficulty in exploring
the radial compressive elasticity of DNA is partially due to
the challenge in applying a small and controlled force
s,0.5 nN with an accuracy of ,0.1 nNd on such a small
object s,2.0 nmd while precisely measuring the resultant ra-
dial deformation s,1.0 nm with an accuracy of ,0.1 nmd.
Atomic force microscopy sAFMd is perhaps a unique tech-
nique that allows the measurement of both the force and
resulting deformation at the nanometer scale f19g. The force-
distance curve sincluding force volumed in contact mode
AFM is widely used to reveal the local mechanical properties
f20–23g. Due to its intrinsic limitations f23,24g, however, the
applied load and the resultant deformation of the sample can-
not be extracted simultaneously with high accuracy. Using
tapping mode AFM sTM-AFMd, the radial deformability of
some soft materials like carbon nanotubes has been success-
fully studied thanks to the reduction of lateral forces f25g.
Unfortunately, the typical tip-sample force in a conventional
tapping mode is still too large for a DNA molecule and re-
sults in a severe deformation. The measured height of a DNA
molecule in tapping mode is ,0.7–0.9 nm, far smaller than
the normal value s,2.0 nmd f26,27g. Recently, we have de-
veloped a method called vibrating scanning polarization
force microscopy sVSPFMd f26,28g. The biggest advantage
of VSPFM is its stable performance both in the noncontact
and the tapping modes, which renders VSPFM potentially
useful for imaging soft specimens with much smaller force.
Using this method, we have reliably measured the heights of
bio-macromolecules deposited on mica surfaces f26g.
In this Brief Report we report our study on the radial
compressive elasticity of single DNA molecules with
VSPFM. Commercially available lDNA solution with an
original concentration of 450 ng/ml was purchased from
Sino-American Biotechnology Company sShanghai, Chinad.
The solution was first diluted to 10 ng/ml with a TE buffer
containing 100 mM NaCl, 10 mM Tris spH 8d, and 10 mM
EDTA. A drop of this diluted solution was then deposited on
a mica surface pretreated by Ni2+. The sample was exten-
sively washed with deionized water sMillipore water
18.2MV and dried in air f26g.
We have modified a NanoScope IIIa SPM system sVeeco
Instruments, Inc., Santa Barbara, CAd into VSPFM operation
as described in Ref. f26g. A NSC12/TiuPt rectangular can-
tilever sMikroMasch, Russiad was used with a typical force
constant of ,4.5 N/m and a typical resonant frequency of
,170 kHz. The images were taken at the temperature of
25–30 °C under the relative humidity of 20–30 %. Although
the water layer may have a large effect on the AFM measure-
ment, in many cases, particularly in contact mode f29g, we
could avoid the water layer influence by using the tapping
mode with a fast vibrating AFM tip under the above humid-
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ity environment f23,28,30g. The height of DNA was checked
with no change within this humidity range as well.
The core concept in VSPFM is the utilization of polariza-
tion force during imaging in a dynamic vibrating mode f26g.
Briefly, a conductive tip is biased to a certain ac voltage so
that an electric polarization field can be induced in the
sample. Since the range of electrostatic force is much longer
than that of the van der Waals force, by carefully adjusting
the tip vibration amplitude set point sAspd, VSPFM can per-
form in the far noncontact, the near noncontact and the tap-
ping regimes f26,28g, achieving the control of tip-sample
interaction in a wide range. That is very crucial for the mea-
surement of compressive elasticity. By decreasing Asp step-
wise, the tip can be first adjusted to slightly touch the top of
a DNA molecule sdefined as the top imaged and then gradu-
ally lowered until the tip touches the substrate surface sde-
fined as the bottom imaged, as illustrated in Fig. 1. The cor-
responding Asp were labeled as Aspstopd and Aspsbottomd,
respectively. In this fashion, a series of images corresponding
to different loads can be taken at different Asp values. The
height Dij of a given point sid on the DNA molecules after
compressing jth step could be calculated by
Dij = Dijsappd + asAspsijd − Aspsbottomdd , s1d
where Dijsappd denotes the apparent height of a DNA mol-
ecule, Aspsijd is the amplitude of tip vibration, and a is a
conversion coefficient f31g.
Figure 2 shows a series of images that illustrate the radial
deformation of a single DNA molecule at different Asp val-
ues. A1–A3 were obtained with the VSPFM operated at se-
quentially decreasing Asp values s0.934 V, 0.922 V,
0.910 Vd. A4 was obtained by returning Asp to 0.934 V at the
end of the sequence. B1–B4 were the corresponding phase
images, indicating the interaction is repulsive between tip
and DNA molecules f32g. These images show clearly the
large deformation of DNA molecules under small forces and
the deformation is remarkably reversible. For comparison,
we have also measured the deformability of a colloidal gold
particle. Its height changes very little with the change of Asp
fFig. 3sadg.
Unlike stretching or twisting, which measure the base-
pairs-averaged properties of a single DNA strand f5–10,33g,
we found that the compression properties of single DNA
molecules strongly depend on the locations along the strand,
indicating that the radial elasticity entails much larger devia-
tions of the local structure. Figure 3sad shows three typical
height-force curves corresponding to three different sites on
one DNA molecule as indicated in Fig. 2 sA3d, where the
force calculation is detailed in f34g. The measured large ini-
tial height s,1.6 nmd of DNA molecules demonstrates the
advantage of VSPFM in contrast to TM-AFM and makes the
small compressive deformation measurement possible. Each
height-force curve for the DNA molecule in Fig. 3sad com-
prises a process starting from the tip touching the top of the
DNA molecule, then to compressing the DNA molecule step
by step with decreasing Asp and finally finishing with the tip
touching the mica surface. The height-force curve for the
reverse process is also included in Fig. 3sad. The height-force
curve for location 1, frequently observed in our measure-
ments, shows a typical radial deformation of a well-shaped
DNA molecule. The remarkable reversibility over ,50% ra-
dial deformation in the height-force curves between the ap-
proaching and retracting is in strong contrast to most solid
FIG. 1. sColord A schematic description of the tip/DNA interac-
tion at different Asp values sAspstopd, Aspsid, and Aspsbottomdd.
FIG. 2. sColord Images showing the processes of compressing a
single DNA molecule deposited on a mica surface at different Asp.
A1–A4 and B1–B4 are, respectively, topographic and phase images
taken at Asp=0.934, 0.922, 0.910, and 0.934 V. Image size:
200 nm3200 nm. The horizontal bars at points 1, 2, and 3 specify
positions along the DNA molecule at which height-force curves
discussed in later figures were taken.
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materials, for which the elastic compression regime only ex-
tends to a few percent of deformation. The relatively high
stiffness scorrectly speaking, we should compare the slope in
force-strain curves f35gd for location 2 may have to do with
the sharp bending nearby, similar to carbon nanotubes for
which an abrupt bending would result in a much tighter
structure and lead to a sudden change in its local stiffness
f25g. Similar to other reports in the literature f36g, the local
morphology was found to vary greatly along a DNA strand
in VSPFM images. For example, the topography in Fig. 2
sA3d shows that the DNA strand at section 3 is somewhat
narrower in width and lower in height than that at section 1,
suggesting that the molecule has a different local structure.
Interestingly, this large morphological difference between
sections 1 and 3 only results in a small variation in the slope
of the height-force curves. From our above results, we find
that the compressive elasticity of individual DNA molecules
varies from site to site, consistent with the phenomenon re-
ported in a recent paper by Keller et al. that single-molecule
measurements often yield scattered values f33g.
The height-force curve 1 in Fig. 3sad shows an interesting
nonlinearity of compression with applied loads. In the small
force region sF,0.4 nNd, the curve is approximately linear
with a slope of ,0.4 nN/nm, indicating the softness of DNA
molecules under light compression in the initial deforming
stage. Other biomolecules are also found “soft” at room tem-
perature by neutron-scattering measurement in air, where a
force constant ,0.1–0.3 nN/nm was deduced f37,38g, quite
similar to our value. It is likely that the forces maintaining
biological structures in this deformation regime are mainly
through hydrogen bonding, electrostatic, and van der Waals
interactions. The energies associated with these “weak inter-
actions” are comparable to the thermal energy at room tem-
perature and are expected to lead to a small force constant
sDNA is softd f39g. As the average force is increased to F
.0.4 nN, the tip usually encounters a much stronger repul-
sive force and the height-force curve reaches a relatively flat
region as more clearly showed in Fig. 3sbd in a large-force
regime. We speculate that the space between backbones is
now greatly reduced and the external force is mainly exerted
on the much stiffer sugar-phosphate backbones.
To investigate the influence of the substrate, we have
studied the compression properties of two crossed DNA mol-
ecules, and the topography is shown in Fig. 4sad. Figure 4sbd
plots the height-force curves corresponding to three different
locations as indicated in Fig. 4sad. The measured height of
section 1 scrossing pointd is ,1.0 nm in TM-AFM, but
reaches ,2.6 nm in VSPFM. We have not found a pro-
nounced difference in the slope of force-strain curves, espe-
FIG. 3. sColord sad Height-force curves taken at three different
locations along a DNA molecule as indicated in Fig. 2 sA3d. The
open and the corresponding solid square, triangle, and circle denote
approaching and retracting processes, respectively. Data sad on the
top is for a colloidal gold particle. sbd The height-force curve usu-
ally reaches a relatively flat region under a larger load.
FIG. 4. sColord sad Topography of two crossed DNA molecules
with Asp=0.810 V. Image size: 200 nm3200 nm. sbd The height-
force curves taken at three different locations as indicated in sad.
The open and the corresponding solid square, triangle, and circle
denote approaching and retracting processes, respectively.
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cially in the small-force regime s,0.4 nNd between section 1
and sections 2 and 3 f35g, suggesting that the radial compres-
sive elasticity has not been significantly influenced by the
substrate.
It is worthwhile estimating the range of the elastic modu-
lus for the purpose of making a comparison with other ma-
terials and of providing a direct description on the softness of
a DNA molecule. Taking the nonlinearity of the height-force
curve into consideration, the effective radial elastic modulus
is given by f40g
E = sdF/dhdsh/Sd s2d
where F is the normal force applied on DNA, S and h are,
respectively, the contact area and the molecular height at the
given load.
To calculate the contact area S between a spherical AFM
tip and a DNA molecule, we follow the usual method when
determining the contact area between an AFM tip and a cy-
lindrical nanotube f40,41g. From curve 1 in Fig. 3sad the
effective elastic modulus of DNA is estimated to be
,20–70 MPa in the small-force region sF,0.4 nNd, which
is comparable to the Young’s modulus of human cartilage
s,24 MPad. In the large-force region the effective elastic
modulus can increase to ,100–200 MPa, close to some
polymers like leather s,120–400 MPad. The calculation on
30 other DNA fragments agrees with these values within a
factor of 2–3.
In summary, with VSPFM we have studied the local
radial compression properties of single DNA molecules, par-
ticularly in the small-force regime. Besides biophysical im-
portance, our data may also be interesting to DNA “molecu-
lar surgery” and DNA nanobiotechnology, where DNA is
used as a building block f42,43g. In order to completely un-
derstand its deformation mechanism, a systematic experi-
mental investigation in conjunction with theoretical simula-
tion is necessary on how the compression properties of DNA
are affected by humidity, temperature, and base-pair se-
quence. It is obvious that our method opens a door to char-
acterize the local elastic properties of many other single bio-
molecules such as RNA, proteins, as well as soft polymers.
We gratefully acknowledge the financial support of the
projects by NSFC, CAS, MSTC, and STCSM.
f1g B. Alberts et al., Molecular Biology of the Cell 4th ed. sGar-
land Science Publishing, New York, 2002d.
f2g G. J. Wuite et al., Nature sLondond 404, 103 s2000d.
f3g B. Maier et al., Proc. Natl. Acad. Sci. U.S.A. 97, 12002
s2000d.
f4g Y. Murayama et al., Phys. Rev. Lett. 90, 018102 s2003d.
f5g S. B. Smith et al., Science 271, 795 s1996d.
f6g A. Noy et al., Chem. Biol. 4, 519 s1997d.
f7g J. F. Allemand et al., Proc. Natl. Acad. Sci. U.S.A. 95, 14152
s1998d.
f8g M. Rief et al., Nat. Struct. Biol. 6, 346 s1999d.
f9g C. Bustamante et al., Nature sLondond 421, 423 s2003d.
f10g Z. Bryant et al., Nature sLondond 424, 338 s2003d.
f11g M. Rief et al., Phys. Rev. Lett. 81, 4764 s1998d.
f12g A. Ahsan et al., Biophys. J. 74, 132 s1998d.
f13g H. Zhou et al., Phys. Rev. Lett. 82, 4560 s1999d.
f14g M. H. Werner et al., Science 271, 778 s1996d.
f15g R. E. Dickerson, Nucleic Acids Res. 26, 1906 s1998d.
f16g R. Jimenez et al., Proc. Natl. Acad. Sci. U.S.A. 100, 92
s2003d.
f17g L. Tsai and Z. R. Sun, FEBS Lett. 507, 225 s2001d.
f18g C. M. Schroeder et al., Science 301, 1515 s2003d.
f19g G. Binnig et al., Phys. Rev. Lett. 56, 930 s1986d.
f20g B. Cappella and G. Dietler, Surf. Sci. Rep. 34, 1 s1999d.
f21g M. Radmacher et al., Langmuir 10, 3809 s1994d; Science 265,
1577 s1994d.
f22g H. G. Hansma and L. Pietrasanta, Curr. Opin. Chem. Biol. 2,
579 s1998d.
f23g V. V. Tsukruk et al., Appl. Phys. Lett. 82, 907 s2003d.
f24g Q. Zhang et al., Surf. Sci. Lett. 290, L688 s1993d.
f25g M. Yu et al., Phys. Rev. Lett. 85, 1456 s2000d.
f26g X.-J. Li et al., J. Vac. Sci. Technol. B 21, 1070 s2003d.
f27g F. Moreno-Herrero et al., Ultramicroscopy 96, 167 s2003d.
f28g J. Hu et al., Science 268, 267 s1995d; Appl. Phys. Lett. 67,
476 s1995d.
f29g B. Drake et al., Science 243, 1586 s1989d.
f30g J. Jang et al., Phys. Rev. Lett. 92, 085504 s2004d.
f31g The conversion coefficient a=DZ /DAsp can be determined as
follows: In a zero-scale scan sscan size set to zerod on a mica
surface, we can change Asp in a stepwise fashion. A given
change DAsp would induce a stepwise change DZ in the tip-
sample distance, which can be measured directly from the to-
pographic image. More detailed information can be found in
Ref. f26g.
f32g M.-H. Whangbo, G. Bar, and R. Brandsch, Surf. Sci. 411,
L794 s1998d.
f33g D. Keller, D. Swigon, and C. Bustamante, Biophys. J. 84, 733
s2003d.
f34g The calculation of the force between tip and sample in conven-
tional tapping mode is usually difficult, in particular, if the van
der Waals attractive force is involved. Fortunately, the force
applied on DNA in the VSPFM mode in the range of our
interest is dominated by the repulsive tip-DNA interaction as
confirmed by the phase images shown in Fig. 2 sB1–B4d.
Within this range, the normal force is approximately propor-
tional to Dijsappd3Kc /Q, where Dijsappd, Kc, and Q denote ap-
parent height, cantilever spring constant, and quality factor,
respectively. The absolute force calibration is reached by im-
aging on a soft cantilever with known force constant. This
procedure is accurate to within a factor of 2.
f35g Seeing the supplementary material.
f36g Y. L. Lyubchenko et al., Nucleic Acids Res. 25, 873 s1997d.
f37g G. Zaccai, Science 288, 1604 s2000d.
f38g P. Zavodszky et al., Proc. Natl. Acad. Sci. U.S.A. 95, 7406
s1998d.
f39g Y. Zhang, S. Sheng, and Z. Shao, Biophys. J. 71, 2168 s1996d.
f40g W. Shen et al., Phys. Rev. Lett. 84, 3634 s2000d.
f41g K. L. Johnson, Contact Mechanics sCambridge University
Press, Cambridge, England, 1985d; reprinted in 1996 sInter-
print Ltd., Malta, 1996d.
f42g J. H. Lv et al., J. Am. Chem. Soc. 126, 11136 s2004d.
f43g N. C. Seeman, Nature sLondond 421, 427 s2003d.
BRIEF REPORTS PHYSICAL REVIEW E 71, 062901 s2005d
062901-4
